It has long been known that, when heated, materials such as the borosilicate tourmaline have the ability to attract objects such as pieces of feather, pollen, and cloth. This is due to the appearance of a surface charge in response to a temperature change. The history of this phenomenon, which is known as the pyroelectric effect (PE), was charted by Lang, 1 from its fi rst description by Theophrastus in the fourth century BC , through studies by various well-known scientists (including Sir David Brewster, Lord William Thomson Kelvin, and Pierre and Jacques Curie), to its widespread use in infrared sensing and thermal imaging.
Dielectrics whose structures possess both a unique axis of symmetry and lack a center of symmetry (i.e., that are "polar") display a spontaneous polarization ( P S ) and will exhibit a PE due to temperature-induced changes in P S . These variations in P S result in uncompensated charge appearing along surfaces that have a component normal to the polar axis, generating a net voltage across the dielectric. If the surfaces are provided with electrodes that are connected through an external circuit, this surface charge can cause a current to fl ow, potentially resulting in useful work. In the absence of an applied electric fi eld or applied stress, the pyroelectric coeffi cient p ( T ) is defi ned as the rate of change of spontaneous polarization with temperature such that p ( T ) = d P S /d T . If electrodes are applied to the major faces perpendicular to the polar axis, as illustrated in Figure 1 a, and the temperature is changed at a rate of d T /d t , then the short-circuit pyroelectric current i p is
The converse of the PE is called the electrocaloric effect (ECE; see Figure 1b ). Here, an electric fi eld applied to a polar dielectric causes a change in temperature in the material. Conceptually, the ECE is somewhat harder to grasp than the PE, but it is analogous to the changes in temperature and entropy that occur when a gas is compressed or in a rubber band when it is stretched. The entropy and corresponding temperature changes are due to the relative movement of the Thin-fi lm electrocaloric and pyroelectric sources for electrothermal energy interconversion have recently emerged as viable means for primary and auxiliary solid-state cooling and power generation. Two signifi cant advances have facilitated this development: (1) the formation of high-quality polymeric and ceramic thin fi lms with fi gures of merit that project systemlevel performance as a large percentage of Carnot effi ciency and (2) the ability of these newer materials to support larger electric fi elds, thereby permitting operation at higher voltages. This makes the power electronic architectures more favorable for thermal to electric energy interconversion. Current research targets to adequately address commercial device needs including reduction of parasitic losses, increases in mechanical robustness, and the ability to form nearly freestanding elements with thicknesses in the range of 1-10 μ m. This article describes the current state-of-the-art materials, thermodynamic cycles, and device losses and points toward potential lines of research that would lead to substantially better fi gures of merit for electrothermal energy interconversion.
ions in the structure under the applied fi eld and, hence, changes in order. Over the past 10 years, there has been a considerable upsurge of interest in the technological applications of the PE for the recovery of electrical energy from waste heat 4 (to power autonomous sensors or improve the overall effi ciency of combustion engines, for example) and of the ECE in new cooling systems 5 , 6 (to eliminate the use of liquid refrigerants). The two effects are intimately related. They are two sides of the same thermodynamic coin, and thus there is considerable commonality in the technological issues that will be encountered in both types of applications. The purpose of this article is to review these effects and their applications and explore the developments needed to bring the materials to successful exploitation.
Ferroelectrics 7 form a special class of polar dielectrics in which the direction of the polar axis can be switched between equivalent, crystallographically related stable states by an electric fi eld, which leads to the phenomenon of ferroelectric hysteresis ( Figure 1c ). Most ferroelectrics exhibit a transition to a highersymmetry, nonferroelectric (paraelectric) phase as the temperature is raised. At this transition temperature (the Curie temperature, T C ), the spontaneous polarization, P S , decreases to zero (see Figure 1d ). The gradient of the P S versus T curve at any temperature is the pyroelectric coeffi cient, p ( T ). This coeffi cient can be quite high in ferroelectrics, even well below T C , with the strongest PEs typically being shown by ferroelectrics near their transitions. The magnitudes of the dielectric, elastic, electromechanical, and electrothermal properties depend strongly on the external stimulus near T C . This is illustrated in Figure 1e for the relative dielectric constant, which becomes signifi cantly tunable by an applied electric fi eld E around the ferroelectric transition.
Examples of the crystal structures of ferroelectrics that are important for pyroelectric and electrocaloric applications are illustrated in Figure 2 . These include the perovskites PbTiO 3 (PT; see the structure in Figure 2a ) and Pb(Mg 1/3 Nb 2/3 )O 3 (PMN), especially when in solid solution with PT (see Figure 2b ). PT undergoes a transition from the cubic paraelectric state to a tetragonal ferroelectric state at 490°C. PMN is a rhombohedral ferroelectric below about 0°C. PMN is an important example of a ferroelectric relaxor, in which the permittivity peak is broad and strongly to an applied electric fi eld E for a ferroelectric. The electric fi eld stabilizes the polarization above the zero-fi eld T C . (e) Change in the relative dielectric constant ε as a function of E . The lambda-type anomaly at T C is smeared upon application of the electric fi eld. (f) Heckmann diagram correlating applied stress X , applied electric fi eld E , and temperature T in a ferroelectric material. D , S , x , ε , p , and C p are the dielectric displacement, entropy, strain, relative dielectric constant, pyroelectric coeffi cient, and heat capacity at constant pressure, respectively. dependent on the frequency of measurement. Figure 2c shows the crystal structure of LiTaO 3 (LTO). Above the ferroelectric phase transition of ∼ 618°C 8, 9 (depending on stoichiometry), the Li atom sits in a high-symmetry position (space group 3 R c ). Below T C , the Li atom displaces to one of two positions, enabling ferroelectricity. PT (usually modifi ed with additions of Ca) and LTO are materials widely used in pyroelectric infrared sensors. 2 Polymeric materials can also exhibit ferroelectricity. Particularly important examples are poly(vinylidene difl uoride) (PVDF) (see Figure 2d for its polar structure) and the copolymeric material poly(vinylidene fl uoride-co -trifl uoroethyene) [P(VDF-TrFE)]. Terpolymers of P(VDF-TrFE) with chlorofl uoroethylene (CFE) are important for ECE applications and can exhibit ferroelectric relaxor behavior.
Derivation of the pyroelectric and electrocaloric coeffi cients follows from thermodynamic analysis. The total free energy density of a dielectric is
where U , T , S , X , x , and E are the internal energy of the system, temperature, entropy, stress, strain, and applied electric fi eld, respectively. D is the dielectric displacement, defi ned as D = ε 0 E + P S , where ε 0 is the dielectric permittivity of a vacuum. The correlation between these quantities is best described using a Heckmann diagram, as shown in Figure 1f . This diagram describes the material properties connecting the intensive thermal, electrical, and mechanical variables E , X , and T (outer triangle) to the extensive variables D , x , and S (inner triangle). The pyroelectric coeffi cient p is given by 0 , , , , , Thermal-electrical energy interconversion using ferroelectrics: Thermodynamic cycles Just as the entropy changes inherent in a body of gas can be harnessed for useful mechanical work as the gas is heated and cooled, the entropy changes in a ferroelectric material close to a phase transition can be used to extract electrical energy or, alternatively, to provide refrigeration.
Olsen et al. 12 reviewed the different thermodynamic cycles that can be employed to extract electrical energy from waste heat using ferroelectric materials (see Figure 3 , which illustrates the principal thermodynamic cycles, expressed in D versus E , which have been used in pyroelectric energy recovery and harvesting, and simple circuits that can be used to implement them). Many of these have direct counterparts in the thermodynamic cycles developed for use in heat engines in the 19th century. Frood 13 was the fi rst to point out that it is possible to convert heat directly into electricity by using the temperature behavior of a dielectric material under an applied fi eld. He proposed a cycle of electrical displacement versus fi eld across a capacitor ( C ) that is analogous to the Carnot cycle (illustrated in Figure 3a ) . E is increased, while C is in contact with a heat sink at T 1 . At point 2, C is thermally isolated, and E is increased so C moves adiabatically to T 2 (point 3). It is then placed in contact with a heat source at T 2 and E is reduced, taking the system to point 4, after which C is thermally isolated and E is reduced, so C returns adiabatically to point 2. The Carnot cycle effi ciency ( η Carnot ) is independent of heat engine design and is given by
where T 1 and T 2 are the temperatures of the heat sink and heat source, respectively. The electrical work output per cycle from a ferroelectric Carnot cycle is small because of the limitations of the electrocaloric effect. van der Ziel 14 and Gonzalo 15 proposed a cycle in which a pyroelectric is alternately connected to a heat source at T 2 and a heat sink at T 1 , with the resulting current fl owing through a load resistor (see Figure 3b ). Gonzalo 15 noted that the effi ciency could be improved by cascading a series of materials with different Curie temperatures. Clingman and Moore 16 described a circuit in which a pair of diodes controls the fl ow of current through a load ( Figure 3c ) , and a battery provides a bias fi eld ( E 1 in Figure 3c ). This variation on the resistive circuit does not drain current from the power supply through the load during the cooling half of the cycle.
Childress 17 made some important modifi cations to the basic concept, using a switch to allow the capacitor to be connected to the load at strategic points in the thermal cycle (see Figure 3d ). Starting at point 1, the switch is closed with the fi eld E 1 across C . The switch is opened and the capacitor connected to a heat source, raising the temperature to T 2 at constant displacement. The permittivity is reduced as T increases, so the fi eld increases to E Max (point 2). The switch is closed, and the capacitor discharges isothermally (point 3) delivering energy to the load. The switch is opened again, C is connected to the heat sink so the temperature reduces to T 1 , again at constant displacement, and the fi eld reduces to E Min as the permittivity increases (point 4). Finally, the switch is closed, and C recharges through the load, delivering more energy to it and returning to point 1. The resulting cycle is analogous to the well-known Stirling cycle, as it includes two steps at constant D (constant entropy). Childress 17 calculated that for BaTiO 3 , with T 2 ≈ 150°C and slightly higher than T C (120°C), the converter has a maximum theoretical effi ciency of ca 0.5%, as compared with η Carnot = 7.1%. Childress also calculated that the power that could be extracted from such a device is ∼ 900 W kg -1 (considering only the mass of the dielectric), predicting from the thermal properties of the ceramic dielectric that the maximum frequency at which it could be cycled would be ∼ 16 Hz. The work highlights a number of issues common to all cycles used for energy recovery and refrigeration: (1) Problems are associated with alternately connecting the dielectric to a heat source and a heat sink and getting the heat into and out of the dielectric. (2) The breakdown fi eld of bulk dielectrics limits the performance that can be achieved. Fatuzzo et al. 18 examined various types of ferroelectric power converters and reached a conclusion similar to that of Childress; namely, the effi ciencies are low ( ∼ 0.5%), and the limiting factor is the fact that "the energy required to increase the temperature of the lattice is nearly always much larger than the energy required to destroy part of the polarization." Olsen et al. pointed out 12 that the type of Stirling cycle illustrated in Figure 3d requires the use of heat regeneration to minimize irreversible heat fl ows. This is an essential feature of all engines employing these cycles.
Olsen and co-workers 19 , 20 published a series of studies in which they employed an electrical Ericsson cycle ( Figure 3e ). Starting at point 1 a , with fi eld E 1 across C , connected to heat sink at T 1 , E is increased to E 2 moving from point 1 a to point 2 via 1 b . (This assumes a fi eld-induced ferroelectric phase transition between points 1 a and 1 b .) At point 2, C is placed in contact with a heat source at T 2 so it moves to point 3, where the fi eld is reduced to E 1 returning C to point 4. They reduced the concept to practice using a modifi ed lead zirconate titanate (PZT) ceramic [ 22 analyzed the cycles summarized in Figure 3 and derived materials fi gures of merit. For the resistive cycle, a coupling factor ( k 2 ) is given by
where ε is the relative permittivity; c ′ is the volume specifi c heat, c ′ = C E ρ ; ρ is the material density; and T h is the upper operating temperature. The conversion effi ciency ( η Res ) is given by
and the electrical energy extracted per cycle ( W Cycle ) is
In the case of the Ericsson cycle, which is probably the most practical for energy harvesting, the materials become highly nonlinear in their behavior under the high fi elds, and the total electrical work can be expressed 23 in terms of the electrocaloric work Q ECE , as follows:
As a consequence, a material having a high electrocaloric activity will result in high pyroelectric energy-harvesting effi ciency (ignoring system-level losses). Table I lists the properties of several pyroelectric materials used either in a linear (zero-or low-fi eld) regime with a resistive cycle or in a high applied fi eld with an Ericsson cycle. The assumptions used in deriving the values in this table are that a ±5°C sinusoidal temperature cycle is used, around the specifi ed central temperature T . Several observations can be made from this table. If a simple linear resistive cycle is used without applied bias fi eld, the best material is a 0.72 PMN-0.28 PT (111)-oriented single crystal. However, the classic pyroelectric LTO, widely-used in infrared sensors, also looks promising, and with its high Curie temperature (618°C), the potential exists for having a much wider temperature oscillation than the illustration given here. For example, assuming a central temperature of 300°C with a ±100°C temperature cycle, the electrical energy recovered per cycle would be 3.5 MJ m -3 , although the effi ciency of the process would still be low (<1% of the Carnot effi ciency). For the nonlinear materials exercised under the Ericsson cycle, the energy recovered is much higher than for the linear/resistive case, even with the small temperature oscillation assumed: ∼ 100 kJ m -3 for the ceramics and single-crystal materials, with effi ciencies of 5-15% of η Carnot . This is in agreement with Olsen et al.'s practical observations. 21 The electrical energy recovered rises to ∼ 1 MJ m -3 , at 40-70% of η Carnot , for the thin-fi lm oxide and polymer materials.
However, the thin-fi lm materials achieve these high effi ciencies only by virtue of very high applied electric fi elds (hundreds to thousands of megavolts per meter). Fields of this magnitude can only be sustained by perfect thin fi lms and are well in excess of those that can be endured by bulk materials. This leads to a fundamental technological challenge. High energy recovery effi ciency can be achieved by using very thin ferroelectric fi lms under high electric fi elds, but a signifi cant volume of the ferroelectric material needs to be used to deliver a useful amount of energy per cycle, which necessitates the stacking of many thin fi lms.
It is worth noting that Sebald et al. 23 reported the use of the Ericsson cycle with a 0.90 PMN-0.10 PT ceramic. They achieved a harvested energy of 186 kJ m -3 for a 50 K temperature variation and an electric fi eld cycle of 3.5 MV m -1 , which is of the same order of magnitude as that achieved by Olsen et al. 21 One can also compare the performance of pyroelectric energy harvesting with thermoelectric conversion effi ciency over similar temperature ranges. 37 For the best thermoelectrics based on Bi 2 Te 3 , with small temperature differences to maximize effi ciency, η reaches about 13% of η Carnot , which is inferior to the results for many of the potential pyroelectric systems under high fi elds. Of course, a fundamental difference Types: C = ceramic; X = single crystal; F = thin oxide fi lm; P = thin polymer fi lm. between thermoelectric and pyroelectric energy harvesting is that the former requires a spatial temperature gradient, which is very commonly available, whereas the latter requires a temporal temperature oscillation at (typically) low frequencies to provide useful power levels. This is harder to accomplish and requires additional system complexity.
Polymeric and ceramic ferroelectrics for electrocaloric cooling
The preceding discussion was confi ned to the use of ferroelectrics in heat energy harvesting, but the Stirling and Ericsson cycles can, in principle, be used to extract heat by being run in reverse. This offers the potential for solid-state refrigeration. The ECE has been known for many years, but the topic was given new impetus by the report in 2006 of a "giant" electrocaloric effect in a PZT95/05 thin fi lm. 33 Of course, materials exhibiting high Q ECE will also show good energy-recovery effi ciencies.
The ECE in a dielectric is determined by the dipolar entropy change Δ S p between the polar and nonpolar states, that is,
where S p (0, T ) is the dipolar entropy when E = 0 and S p ( E , T ) corresponds to the entropy of a dipole-aligned state when an electric fi eld E is applied. Based on thermodynamic and statistical mechanics analyses, Pirc et al. 38 derived the following expression for the potential temperature change:
In Equation 13 , C E is the specifi c heat capacity, φ is the number of possible polar states (entropy channels), P S is the saturation polarization, and Θ is the Curie constant. Therefore, the development of polar dielectrics with both large φ and small Θ is highly desirable, especially if P S can be kept unchanged. In relaxor ferroelectrics, defect modifi cation can lead to larger numbers of local states and, hence, can increase φ compared to that of its normal ferroelectric counterpart. In ferroelectrics, Θ is directly related to the polar correlation length and the presence of random defect fi elds. In particular, relaxor ferroelectrics have much smaller polar regions than normal ferroelectrics. These considerations suggest that relaxor and highly disordered ferroelectrics might exhibit larger ECEs than normal ferroelectrics. 38 Upon application of high-energy electron irradiation, the normal ferroelectric P(VDFTrFE) copolymer can be converted into a relaxor ferroelectric that displays a high dielectric constant ( ∼ 50 at 1 kHz), a large reversible polarization change, and high electrostriction at room temperature.
39 Figure 4 a presents the dielectric constant of a high-energy-electron-irradiated P(VDF-TrFE) 68/32 mol% copolymer, which has a broad dielectric constant peak around room temperature and a peak position that moves progressively toward higher temperatures with increasing frequency, a characteristic feature of relaxor ferroelectrics. The high-energy electron irradiation breaks up the long-range polar correlation in the polymer, which stabilizes dipolar disordered states around room temperature and generates local polar states on the nanoscale that can enhance the ECE, as discussed earlier.
The ECE of the irradiated P(VDF-TrFE) 68/32 mol% copolymer measured near 33°C as a function of electric fi eld is presented in Figure 4b . 40 Under a fi eld of 160 MV m −1 , an adiabatic temperature change of Δ T = 20°C and an isothermal entropy change of Δ S = 95 J kg −1 K −1 can be obtained. A large ECE has also been observed for P(VDF-TrFE-CFE) relaxor ferroelectric polymers. The ECE of the P(VDFTrFE-CFE) 59.2/33.6/7.2 mol% terpolymer directly measured at 30°C is presented in Figure 4c . It shows a very large temperature change of Δ T ≈ 14°C induced under a 100 MV m −1 electric fi eld. In addition to a large ECE, several relaxor ferroelectric polymers display an ECE that is nearly temperature independent, as presented in Figure 4d . 41 For example, the P(VDF-TrFE-CFE) 59.2/33.6/7.2 mol% relaxor ferroelectric terpolymer has an ECE response that is nearly temperature independent from 0°C to 45°C, which is in sharp contrast to normal ferroelectrics, for which the ECE peaks at T C and displays a strong temperature dependence.
Mischenko et al. 33 fi rst reported a temperature change of 12°C in a 350-nm-thick PbZr 0.95 Ti 0.05 O 3 thin fi lm near its T C (222°C). A temperature change of about 11°C was also observed in a 700-nm-thick PbZrO 3 thin fi lm near its T C of 235°C. 42 However, the phase transitions in these thin fi lms are fi rst-order, and the T C is too high for viable cooling applications near room temperature, although not for PE energy recovery applications. To obtain a large ECE over a wide range of temperatures near room temperature, La-doped lead PZT thin fi lms were explored, and a value of Δ T ≈ 40°C was reported under an electric fi eld of 120 MV m −1 at 45°C. in 0.93PMN-0.07PT thin fi lms was observed at the depolarizing temperature of 18°C compared to the dielectric constant peak at 35°C, which suggests that a dipolar glass-relaxor character occurs in this system. 43 For 0.90PMN-0.10PT, a maximum Δ T of 5°C was observed at 75°C, where a pseudocubic relaxor ferroelectric transforms into a cubic paraelectric phase. 44 PMN-PT with 30-35% PT is extremely interesting, because the structural variations resulting from transitions about the morphotropic phase boundary can also contribute to the entropy and lead to an enhancement in the ECE. 45 -48 In many ferroelectrics, there exists more than one polar phase, and operation of the material near a tricritical point reduces the energy barriers for switching between different ferroelectric phases. 49 , 50 One of the reasons why the PZT95/05 composition 33 might be so interesting is that it sits very close to a tricritical point in the ferroelectric, namely, the rhombohedral-to-paraelectric cubic phase transition in the high-Zr-content PZT system. 51 Any contribution to the entropy induced through the application of an electric fi eld, whether this contribution is through electrical, magnetic, magnetoelectric, or structural order, should enhance the EC response. In particular, the thermodynamics of intrinsic multicaloric heating/cooling has been discussed in some detail. 52 Scott 53 has pointed out that extrinsic effects due to domain wall motion cannot be ignored. Karthic and Martin 76 , 77 have predicted that Δ T may be enhanced through reversible movements of ferroelectric domains. There is also experimental evidence that the clamping of domain wall motion by defects in BaTiO 3 ceramic causes a reduction in Δ T .
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Device and system considerations for materials selection and optimization
The issues associated with the application of ferroelectric materials in real energy-harvesting or solid-state cooling systems bear a great deal of similarity and refl ect similarly on the criteria for materials selection and the broad aspects of device/systems design. The basic fi gures of merit combining the pyroelectric, dielectric, and heat capacity describe which materials will be useful for a particular application and how they might be improved. A possible approach to decreasing the dielectric constant, for example, is to build in a large internal bias fi eld. In the case of PZT systems, this can be achieved by acceptor doping, which stabilizes the domain structure and produces double-loop-type behavior. 54 -56 Other ways of creating internal fi elds include building mesoscale composites, 57 as well as multilayers and graded structures. 58 For example, in a recent study, it was shown that the intrinsic PE and EC properties of PZT could be improved signifi cantly by constructing PZT/SrTiO 3 heterostructures. 59 Because the internal DC fi eld clamps the polarizability, reductions in the dielectric constant by a factor of 10 or more are, in principle, possible. This internal fi eld has the secondary effect of stabilizing the domain state and thus, is also useful in making the material more robust to temperature excursions.
Careful consideration of the material from the perspective of the phase transition will lead to the selection of materials that are probably relaxor in character and that possibly sit near a tricritical point in the ferroelectric-to-paraelectric transition. Clearly, the phase transition should be close to the required operating temperature. Therefore, for a heating, ventilating, and air conditioning (HVAC) system, a transition near or below room temperature might be desirable. On the other hand, active extraction of heat from an electronic junction, for example, might require T C > 100°C. Harvesting energy from waste heat in an electronic system might require a similar T C value, whereas harvesting energy from the human body (e.g., to power wearable electronics) requires T C ≈ 35°C. Fortunately, with ferroelectric materials, one can choose from a wide range of transition temperatures (see Table I ), and it is possible to tailor a suite of ferroelectric materials with cascading T C values, optimizing the possibilities for energy extraction or cooling Δ T values.
The use of regeneration greatly assists materials cascading ( Figure 5 a) . The particular example shown here is for a Stirling cycle. However, Carnot, Ericsson (two stages at constant E ), Brayton, and hybrid cycles can also be used. He et al. 60 concluded that the Stirling cycle is probably the best to use with a regenerator, coming closest to the performance of the reversible Carnot cycle, whereas the Ericsson cycle will experience regenerative loss. Liquid 20 , 61 and solid-state 62 regenerators have been demonstrated for both energy harvesting and cooling. The ideal regenerating material should have a high thermal conductivity and a low thermal capacity. Considerable gains could be achieved by the use of sophisticated nanoscale composites designed to optimize these parameters.
An alternative to the use of a regenerator, which requires the pumping of liquids and the associated energy losses, is the use of a thermal diode or heat switch system. This would allow the EC element to be alternately connected with the heat source and the heat sink. Epstein and Malloy 63 discussed the use of liquid crystals in this role, with the potential for including carbon nanotubes to increase thermal conductivity, whereas Ravindran et al. 64 discussed the use of a microelectromechanical-system-(MEMS-) based thermal switch in the context of pyroelectric energy harvesting.
A key issue, which was recognized very early on, is the ability of the ferroelectric material to sustain a very high electric fi eld of hundreds of megavolts per meter for an operational lifetime likely to require ∼ 10 9 -10 10 cycles. Such fi elds have been demonstrated for short periods, but it remains unclear whether the required lifetimes can be met. From Table I , one can see that, under ideal conditions, the best materials can harvest (or, conversely, pump) ∼ 100 kJ m -3 to 1 MJ m -3 of energy per cycle over a 10°C temperature range, which implies that to handle 1 kW of power working at 10 Hz, one would need ∼ 10 -3 to 10 -4 m 3 of material (or approximately a cube 10 cm on a side). This is not beyond the bounds of possibility, given the current state of both ceramic and polymer technologies, but it would require approximately 100,000 1-μ m-thick layers (ca. 10 cm 2 ) and the use of multilayer assembly technologies, such as those used for multilayer ceramic capacitors (MLCs) or polymer capacitors ( Figure 5b ) .
Kar-Narayan and Mathur 65 demonstrated the ECE in a BaTiO 3 MLC and calculated its performance, 66 predicting that an MLC array of about 0.6 m 2 total area could provide up to 20 kW of cooling power. Epstein and Malloy 63 also discussed the use of interleaved multilayer structures. The penetration of heat along the metal electrodes is key in determining how fast the system can be cycled, and the metal thermal diffusivity, α = Κ / c ′ (where Κ is the thermal conductivity), is a key parameter. Crossley et al. 67 modeled the EC performance of MLC structures, optimizing the operating frequency. The effects of metal thermal diffusivity were clear, with Ag electrodes ( α = 173 × 10 -6 m 2 s -1 ) performing much better than Ni electrodes ( α = 24.6 × 10 -6 m 2 s -1 ). They predicted that a given structure would be able to work roughly fi ve times faster with Ag electrodes than with Ni electrodes, giving a much better powerhandling capability. In mass terms, PVDF gives a better power handling capability (up to 26 kW kg -1 ) than PZT (19 kW kg -1 ) 67 because of the former's lower density, although, in area terms, the performances were very similar (ca. 220 kW m -2 ). Ozbolt et al. 68 , 69 discussed the practical implementation of electrocaloric cooling systems and concluded that the ECE offers a number of advantages over other solid-state cooling systems, such as magnetocalorics, including a wider temperature range of operation for a given material system. Parasitic losses are a serious issue for electrothermal conversion devices. They diminish the coeffi cients of performance (COP = Q / W , where Q is the work performed and W is the work supplied) of actual physical systems, often making commercial systems impractical as compared to state-of-theart devices. This will be the case for all of the PE and ECE materials discussed thus far. Consequently, parasitic losses (see Figure 5c ) must be identifi ed and minimized in the design phase. Fortunately, such device-and system-level losses can be modeled by system-level integrators, allowing compensatory tradeoff assessments to be made. These models not only must tie together the electrothermal responses of the ECE or PE materials, but also must account for thermal transport losses normal to and along the working material, as well as those associated with the packaging and interconnects. In addition, mechanical robustness at the component or system level is strongly dependent on the induced mechanical stress/ strains due to thermal gradients, mechanical loading, differences in thermal expansion, and piezoelectric deformation at high electric fi elds. Moreover, optimization for COP and mechanical robustness (e.g., mean time between failures, performance, cost, or a combination of these or other factors) needs to be done holistically as opposed to iteratively or sequentially. Comprehensive solutions are essential, because the EC and PE material properties ( p , ε , strain, dielectric breakdown strength, thermal conductivity, heat capacity, etc.) are functions of temperature, applied stress levels, imposed electric fi elds, and other properties. Indeed, changes often Figure 5 . (a) Schematic of a solid-state refrigeration system operating in a regenerative fashion. The system (see diagram 0) employs a fl uid regenerator that is pumped between two heat exchangers held at T 1 and T 2 ( T 1 < T 2 ). The fl uid fl ows past the ferroelectric element in an insulated region, so that all the heat exchange is between the fl uid and the EC element. (1) A fi eld E 1 is applied to the EC element, and the heat from the EC element is released into the fl uid. (2) The fi eld is disconnected, and the fl uid is pumped past the EC element so that the excess heat is lost at T 2 . As the EC element is electrically fl oating, this occurs at constant electrical displacement. (3) The EC element is shorted so that the fi eld returns to zero, cooling the fl uid. (4) The EC element is again put to open circuit, and the fl uid is pumped back into the heat exchanger at T 1 , so that the fl uid then absorbs heat from the heat exchanger. The cycle then repeats. (b) Schematic diagram of a multilayer ceramic capacitor structure. (c) Examples of potential sources of parasitic losses that must be taken into account in an actual device. Parasitic losses at the material and device levels are especially insidious, and care must be taken to minimize their impacts on the overall coeffi cient of performance. Note. ECE, electrocaloric effect.
result as much from the way the materials are formed or packaged as from their intrinsic free space response.
In addition, many of the material parasitic losses, including losses due to electrical conduction, tan δ , domain switching, and so on, can be minimized by appropriate materials engineering, guided by theoretical models. For example, tan δ fi eld and domain-switching losses can often be reduced by control of grain size and grain boundary composition, with strong guidance from both material and process models ( Figure 5c ).
There are multiple sources of dielectric loss in pyroelectric materials, and hence there are multiple factors that must be engineered to minimize the loss tangent for pyroelectric/ electrocaloric applications. First, the electrical resistivity of the sample should be as high as possible, suggesting the use of materials with large bandgaps. This is particularly true when the material must be utilized at elevated temperatures, where thermal promotion of carriers is particularly problematic. Second, a major source of dielectric loss in ferroelectrics is associated with motion of domain walls across pinning sites in the material. It is not uncommon for the loss tangent to decrease by a factor of 5-10 when the material is heated through T C , as domain wall losses are eliminated in the paraelectric phase. Because the material must be used as a ferroelectric, however, this means that it is essential to engineer the material such that the domain wall concentration or mobility is reduced. The former can be achieved through use of appropriately oriented single crystals. Reductions in domain wall mobility, however, can be tailored by decreasing the grain size, 70 , 71 increasing the internal bias in the material, 72 mechanically clamping the fi lm to an underlying substrate, 73 or modulating the defect chemistry of the ferroelectric material.
Finally, materials may be improved by increasing the electrical breakdown strength, that is, the strength of the electric fi eld at which breakdown occurs. Many polymeric or oxide thin-fi lm ferroelectrics have breakdown strengths that exceed those of polycrystalline ferroelectric ceramics by an order of magnitude.
Recent advances in theoretical approaches and techniques will enable quantitative, predictive modeling to guide experimental work. The PE and ECE properties of ferroelectric thin fi lms have been analyzed using the Landau theory of phase transformations, taking into account the electrostatic and electromechanical boundary conditions, two-dimensional clamping of the substrate, the effect of structural domain formation, and the thermal stresses that develop as the fi lms are cooled from the crystallization temperature. 74 -76 The electrocaloric properties of ferroelectrics and incipient ferroelectrics in thin-fi lm form have been examined using similar tools that provide quantitative results to guide experimental work. 10 , 11 , 77 -79 Such predictive models, however, are limited to a few perovskite ferroelectrics, including PbTiO 3 , BaTiO 3 , SrTiO 3 , Pb(Zr,Ti)O 3 (PZT), and (Ba,Sr)TiO 3 (BST), for which dielectric stiffness, elastic, and electrostrictive coeffi cients have been determined experimentally. Theoretical approaches based on thermodynamic, electrostatic, and statistical mechanics considerations have been used to understand the adiabatic temperature changes in polar solids 38 and asymmetric ferroelectric tunnel junctions, 80 as well as pyroelectric response of ferroelectric nanowires. 81 Although phase-fi eld models have been developed for a number of materials systems that include ferroics and multiferroics, 82 only limited studies have considered their application to understand correlations between microstructural features and electrothermal properties. 83 In terms of atomistic approaches, there exist several methodologies based on fi rst principles coupled with nonequilibrium molecular dynamics. These were developed to describe electrocaloric and pyroelectric responses in bulk and thin-fi lm PZT, 84 BST, 85 BaTiO 3 , 86 and LiNbO 3 .
87
The requirements for electrothermal applications present a signifi cant challenge to the electroceramics and electronic polymers communities. There is a need for the development of comprehensive, multiscale theoretical tools in the search for better materials. This need is essentially at the core of the recent "Materials Genomics" initiative 88 that seeks to accelerate materials discovery through the use of computations across length and time scales, supported by experimental work. Signifi cant advances have been made in the theoretical understanding of strongly correlated systems at the electronic/ atomic level. Still, the development of a new generation of ferroelectric materials for pyroelectric applications requires an integration of fi rst-principles approaches with molecular dynamics, phase-fi eld, and continuum-level formalisms to address the roles of electronic, atomic, microstructural, and device-level features. Such a multiscale computational materials methodology, combined with judicious experimental work, would allow engineers to overcome the limitations discussed previously.
Summary
This article has laid out the current state of the art for the use of ferroelectric materials in the interconversion of thermal and electrical energy. The past eight years have seen remarkable progress in the development of ferroelectric materials for both pyroelectric energy harvesting and electrocaloric cooling, especially in thin-fi lm relaxor oxides and polymers, to the point where practical applications are starting to appear feasible, with the promise of signifi cantly higher effi ciencies than can be achieved with other solid-state technologies. There is clear promise for further performance improvements through the development of new ferroelectric relaxor compositions.
Real challenges remain to be addressed, however, especially the demonstration of adequate reliability and lifetimes in ferroelectric materials under the high electric fi elds necessary to realize the promised effi ciencies. This will allow large numbers of ferroelectric thin fi lms to be assembled in a form where they can be used with thermal regenerators at low cost. It has also been shown that other materials developments can potentially help in the exploitation of this new technology. These include low-cost, high-thermal-conductivity electrodes to use with the ferroelectric elements and new types of regenerator systems that combine high thermal conductivity with low specifi c heat. The development of low-cost thermal switch technologies might also have a role to play in bringing this exciting, new technology through to full realization. 
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